1. Introduction {#s0005}
===============

Influenza is a highly contagious and epidemic respiratory disease caused by type A influenza virus, which has many subtypes with respect to two surface glycoproteins, haemagglutinin (HA) and neuraminidase (NA). Four influenza pandemics have occurred since 1918 ( [@bib22], [@bib11]). In addition to the currently circulating human viruses of H1N1 and H3N2 subtypes, avian influenza viruses of H5N1, H7N7 and H7N9 subtypes also caused lethal human infections ([@bib19], [@bib4], [@bib25]). A very recent report showed that the virus of H6N1 subtype is able to cause human infection ([@bib23]). Four anti-influenza viral drugs, amantadine, rimantadine, zanamivir, and oseltamivir are used for treatment of influenza virus infection. These drugs may reduce the length of the illness and the severity of symptoms, but adverse side effects and an emergence of viruses resistant to these drugs are reported ([@bib3], [@bib15]). Therefore, new drugs with greater efficacy and better tolerability than existing treatments are urgently needed for treatment of influenza virus infection.

Traditional herbal medicines have been used to treat infectious diseases for thousands of years in China. Recently, several types of these herbal medicines have been used for treatment of influenza infection ([@bib7], [@bib14], [@bib24], [@bib21]). *Peperomia sui* Lin and Lu (*Peperomia sui*), an endemic species in Taiwan, has been used as a folk medicine commonly for the treatment of cough, cold, fever, headache, bronchitis, sore throats, nasal congestion, chronic bronchitis and cancers. The chemical compositions of *Peperomia sui* was reported ([@bib2]), but no biological study of *Peperomia sui* has been reported. In this study, we examined the anti-influenza virus activity of *Peperomia sui*.

2. Materials and methods {#s0010}
========================

2.1. Preparation of the ethanolic extract of *Peperomia sui* (PSE) {#s0015}
------------------------------------------------------------------

The whole plants of *Peperomia sui* were collected from Taiwan Seed Improvement and Propagation Station (TSIPS), Council of Agriculture, Taichung, Taiwan, in August 2010. The plant was identified by Dr. Chi-Luan Wen worked at TSIPS. Herbarium voucher specimens were deposited in the TSIPS. The dried whole plant of *Peperomia sui* was ground into powder and 100 g of the powder was extracted with 500 ml ethanol at room temperature for 24 h with occasion shaking. After three times extraction, the supernatant was collected and lyophilized, and then the lyophilized powder (12.29 g, 12.29% yield) was stored at -80 °C before use.

2.2. Viruses and cells {#s0020}
----------------------

Avian influenza virus A/Chicken/TW/0518/2011 (H6N1) was isolated from broiler chickens using the method described previously ([@bib10]). DF-1 cells (a chicken fibroblast cell line; ATCC CRL-12203) were grown in Dulbecco׳s Modified Eagle Medium (DMEM) (Life Technologies Corp., Carlsbad, California, USA) containing 10% fetal bovine serum at 37 °C in the CO~2~ incubator.

2.3. Cytotoxic activity of PSE on DF-1 cells {#s0025}
--------------------------------------------

DF-1 cells were grown in 96-wells plates (5×10^3^ cells per well) at 37 °C for 24 h. The media was replaced with that containing various concentrations of PSE and the cells were further incubated for 72 h. The cell viability was determined by MTT \[3-(4,5-dimethylthiazol-2-yl)- 2,5-diphenyl tetrazolium bromide\] assays as described ([@bib16]). In brief, the medium was removed from the 96-wells plates, and the MTT solution was added to each well. After incubation at 37 °C for 2 h, the MTT solution was removed and 100 μL DMSO was added to dissolve formazan crystals. Absorbance at 540 nm of the solution was measured with subtraction of the background measurement at 655 nm. The 50% cytotoxic concentration (CC~50~) was calculated by regression analysis in Microsoft Excel.

2.4. Hemagglutination (HA) test {#s0030}
-------------------------------

The titer of H6N1 virus was determined by the standard HA assay. Two-fold serial dilutions of 25 μL of the virus suspension are made across a plastic U-bottomed 96-well plate. A further 25 μL of PBS was added into each well, and 25 μL of 1% (v*/*v) chicken red blood cells (RBCs) was dispensed to each well. The plate was tapped gently and incubated at room temperature for 40 min to allow the RBCs to settle. The HA titer of the virus was the reciprocal of highest dilution that gave complete agglutination.

2.5. Cytopathic effect (CPE) inhibition assay of PSE {#s0035}
----------------------------------------------------

DF-1 cells were grown in 12-wells plates (5×10^4^ cells per well) at 37 °C for 24 h. The medium was replaced with serum-free medium (1 ml per well) containing 0.3 HA unit of H6N1 virus, 1 μg/ml of Trypsin and various concentrations of PSE. After 1.5 h of incubation, the culture supernatant was removed and the cells were washed three times with phosphate buffered saline (PBS) and the cells were cultured with DMEM containing 10% fetal bovine serum, 1 μg/ml of trypsin and various concentrations of PSE. After 72 h incubation, the CPE was observed with a microscopy, and the viability of cells was determined by MTT assays. The half maximal effective concentration (EC~50~) was calculated by regression analysis in Microsoft Excel.

2.6. Indirect immunofluorescence assay (IFA) {#s0040}
--------------------------------------------

DF-1 cells were seeded onto the 15 mm glass coverslips in 6-wells plates (1.5×10^5^ cells per well). The cells infected with H6N1 virus in the presence (70 μg/ml) or absence of PSE. Forty-eight hours post infection, the cells on coverslip were fixed with 4% paraformaldehyde for 30 min. After washed three times with PBS and blocking with 2% bovine serum albumin in PBS for 20 min, the cells were reacted with FITC-conjugated mouse monoclonal antibody against influenza A virus nucleoprotein (NP) (Abcam, Cambridge, England) diluted 1:1000 in PBS. After washed three times with PBS, the cells were counterstained with 4′,6-diamidino-2-phenylindole (DAPI) and visualized under a fluorescence microscope.

2.7. Quantitative RT-PCR (qRT-PCR) {#s0045}
----------------------------------

DF-1 cells infected with H6N1 virus in the presence or absence of PSE at 37 °C for 72 h. The cells were lysed by three freeze-and-thaw cycles and the total RNA in the lysate was isolated using Trizol reagent (Life Technologies, Carlsbad, California, USA). The sequences of primers used for qRT-PCR of the HA gene of the H6N1 virus were: 5′--CCT CGT ATG GAT AGT AAA AA-3′ (forward) and 5′--GCT TTC AGT TCC CAT TCT AA (reverse). The qRT-PCR was conducted using SYBR® Green RT-PCR Reagents Kit (Life Technologies) and the reaction was performed on an Eco Real-Time PCR System (Illumina Inc., San Diego, California, USA). The PCR condition was 1 cycle of 52 °C for 30 min; 1 cycle of 95 °C for 10 min; 40 cycles of 95 °C 15 s, 55 °C for 30 s and 72 °C for 30 s. The relative copy number of viral RNA was determined by the instrument software.

2.8. Neuraminidase activity assay {#s0050}
---------------------------------

The neuraminidase activity of H6N1 virus was determined using the NA-Star Influenza Neuraminidase Inhibitor Resistance Detection Kit (Applied Biosystems, Foster city, California, USA) according to the manufacturer's protocol. This assay used a chemiluminescent substrate to measure the activity of neuraminidases. In brief, H6N1 viruses were incubated with various concentrations of PSE for 10 min at 37 °C, and then the neuraminidase substrate, 4-MU-NANA \[2-(4-methylumbelliferyl)-A-d-nacetylneuraminic acid sodium\] was added and incubated for 2 h in the dark. The luminescence signal indicating neuraminidase activity was determined with fluorescence spectrophotometer (excitation 365 nm, emission 460 nm).

2.9. High-performance liquid chromatography analysis {#s0055}
----------------------------------------------------

The HPLC fingerprint of PSE was performed using a reverse phase column (LiChrospher® 100 RP-18, 5 μm, 250 mm×4 mm) that was linked to Agilent 1100 System with MWD UV detector (Agilent Technologies, Santa Clara, California, USA). The column temperature was maintained at room temperature. UV detection of samples was performed at a wavelength of 350 nm, and the injection volume was 20 μL. The gradient mobile phase used for analysis was mixed by solvent A (0.1% phosphoric acid solution) and solvent B (acetonitrile). A flow rate of 1 ml/min under the initial condition of 75:25 (A/B) was used. The solvent B was brought to 40% for 15 min, up to 100% for 5 min, and switch to 25% for 5 min. PSE was completely separated by the above gradient elution. HPLC fingerprint chromatogram was established for the quantification and quality control of the isolated sample, which showed scutellarein at 8.5 min, luteolin at 11.0 min, apigenin at 15.0 min. The standard chemicals of scutellarein, luteolin, and apigenin were purchased from Sigma-Aldrich (St. Louis, Missouri, USA).

3. Results {#s0060}
==========

3.1. Cytotoxic and antiviral activity of PSE on DF-1 cells {#s0065}
----------------------------------------------------------

The potential cytotoxicity of PSE on the DF-1 cells was evaluated by MTT assays. The result showed that treatment with PSE reduced the viability of DF-1 cells and the CC~50~ of PSE on DF-1 cells was 262.8 μg/ml ( [Fig. 1](#f0005){ref-type="fig"}A). At concentration of 100 μg/ml or less, PSE had no significant cytotoxicity on DF-cells. Next, the antiviral activity of PSE was evaluated. Microscopic examination showed that DF-1 cells infected with H6N1 virus showed cytopathic effects including rounding, detachment and death of the cells ([Fig. 1](#f0005){ref-type="fig"}B). Treatment of DF-1 cells with 100 μg/ml PSE significantly reduced the CPE produced by the virus ([Fig. 1](#f0005){ref-type="fig"}B). MTT assays revealed that PSE dose-dependently increased the viability of virus-infected cells, and the EC~50~ value was 34.8 μg/ml ([Fig. 1](#f0005){ref-type="fig"}C). At 70 μg/ml concentration (approximately two fold of EC~50~ value), PSE effectively increased the viability of the cells and exhibited no obvious cytotoxicity. This concentration of PSE was therefore selected for further experiments.Fig. 1(A) The cytotoxic effect of PSE on DF-1 cells. The cells were treated with various concentration of PSE and the cell viability was determined by MTT assays. (B) The anti-viral effect of PSE. DF-1 cells were infected with H6N1 virus in the absence or presence of PSE. The morphological investigation showed that PSE reduced the CPE caused by H6N1 virus on DF-1 cells. (C) PSE increased the viability of DF-1 cells infected with H6N1 virus. DF-1 cells were infected with H6N1 virus with various concentrations of PSE and the cell viability was determined by MTT assays. Each value in (A) and (C) is the result of mean±S.D. of three independent experiments.

3.2. PSE reduces the expression of the viral NP protein {#s0070}
-------------------------------------------------------

To examine whether PSE impaired the synthesis of viral protein, DF-1 cells were infected with H6N1 virus in the presence or absence of PSE. The expression of the viral NP protein was monitored by IFA using a FITC-labeled monoclonal antibody against the NP protein. As depicted in [Fig. 2](#f0010){ref-type="fig"}, a strong green fluorescence signal was observed in cytoplasm of the majority of virus-infected cells without PSE treatment. In contrast, only a weak fluorescence signal was observed in a small number of the virus-infected cells that were treated with PSE. This result suggested that treatment with the PSE inhibited the expression of the viral NP protein in DF-1 cells.Fig. 2PSE reduces expression of the viral nucleoprotein (NP). DF-1 cells were infected with H6N1 virus and the level of viral NP protein expressed in DF-1 cells was examined by immunostaining. Left column: DF-1 cells not infected with virus. Middle column: DF-1 cells infected with virus. Right column: DF-1 cells infected with virus in the presence of PSE. The green fluorescence of FITC indicates the presence of the viral NP protein while blue fluorescence of DAPI indicates the nucleus of the cell.

3.3. PSE inhibits the growth of H6N1 virus {#s0075}
------------------------------------------

The effect of PSE treatment on viral growth was investigated by HA tests and qRT-PCR. The result of HA tests showed that the virus propagating from cells untreated with PSE had a mean HA titer of 6.3log 2 at 72 h post infection ( [Fig. 3](#f0015){ref-type="fig"}A). In contrast, the virus from cells treated with PSE (70 μg/ml) had a mean titer of only 2.0 log2 ([Fig. 3](#f0015){ref-type="fig"}A). Significant difference (p\<0.01) was found between the untreated and treated groups. No HA titer was detected in the control group ([Fig. 3](#f0015){ref-type="fig"}A). This result indicated that treatment with PSE inhibited the growth of H6N1 virus.Fig. 3PSE inhibits the propagation of H6N1 virus. (A) The HA titer of virus propagating in cells untreated (gray bar) or treated (white bar) with PSE was determined by HA tests. (B) The relative copy number of viral RNA in cells untreated (gray bar) or treated (white bar) with PSE was determined by qRT-PCR. Each value in (A) and (B) is the result of mean±S.D. of three independent experiments.

The result of qRT-PCR showed that treatment with PSE (70 μg/ml) drastically reduced the copy number of viral RNA synthesis at 72 h post infection. When the relative copy number of viral RNA in the untreated cells was set to 100, the copy number of viral RNA in PSE-treated cells was only 6.6 ([Fig. 3](#f0015){ref-type="fig"}B). Significant difference (p\<0.01) was found between the untreated and treated groups. Taken together, these results indicated that PSE effectively inhibited the growth of H6N1 virus in DF-1 cells.

3.4. PSE inhibits the H6N1 neuraminidase activity {#s0080}
-------------------------------------------------

Neuraminidase (NA) has been regarded as one of the most important targets to screen the drugs of anti-influenza viruses A and B ([@bib12]). The effect of PSE on the viral NA activity was investigated. The result showed that PSE reduced NA activity dose-dependently ( [Fig. 4](#f0020){ref-type="fig"}). PSE at concentration of 120 μg/mL (the maximum concentration tested) reduced the H6N1 NA activity to 24.3±11% of the control. These results indicated that the PSE might suppress the virus release step through inhibition of neuraminidase.Fig. 4PSE inhibits the neuraminidase activity of influenza virus. H6N1 virus was incubated with various concentrations of PSE, and the NA activity of the virus was determined. Each value is the result of mean±S.D. of three independent experiments.

3.5. Phytochemistry screening of the PSE {#s0085}
----------------------------------------

In order to quality control and exploiting the active components of PSE, the HPLC fingerprint chromatogram was established. The chromatogram of the PSE showed ten major peaks ( [Fig. 5](#f0025){ref-type="fig"}), and three of them were identified to be scutellarein (retention time=8.5 min, peak 8), luteolin (retention time=11.2 min, peak 9) and apigenin (retention time=15.1 min, peak 10).Fig. 5The HPLC fingerprint chromatogram of PSE. Ten major peaks were observed and three of them were identified as scutellarein (retention time=8.5 min, peak 8), luteolin (retention time=11.2 min, peak 9) and apigenin (retention time=15.1 min, peak 10).

4. Discussion {#s0090}
=============

Influenza is a highly contagious disease that can cause high morbidity and mortality in an epidemic. The clinical utility of anti-influenza viral drugs has been limited by side effects and emergence of resistant strain ([@bib3], [@bib1], [@bib15]). Hence, new approaches for the control of infection with influenza viruses must be explored. Traditional Chinese medicinal herbs may be a potential alternative medicine of choice for treatment of this disease. Recently, a number of clinical trials of traditional Chinese medicines for influenza have been conducted ([@bib20], [@bib17], [@bib8];). Data presented in this study show that PSE is a potent inhibitor of the viral growth in chicken fibroblast DF-1 cells. Further, PSE had low toxicity and low effective concentration against H6N1 influenza virus. The CC~50~ and EC~50~ value of PSE were 262.8 μg/ml and 34.8 μg/ml, respectively, and the selected index (SI) value was 7.6 (SI=CC~50~/EC~50~).

*Peperomia sui* has been commonly used in folk remedies to treat respiratory tract disorders in Taiwan. This is the first study that demonstrates the anti-influenza viral activity of PSE *in vitro* against the H6N1 virus. The results using immunofluorescence staining showed that the amount of the NP protein was greatly reduced by PSE treatment. This result suggested that inhibition of the viral protein synthesis may be one of the anti-viral mechanisms of PSE.

It is well documented that NA plays an important role in the release of newly assembled virus particles from infected cells by cleavage of target cell receptor sialic acid moieties ([@bib5]). Our results showed that PSE effectively inhibited the neuraminidase activity and this inhibition may also play a role in the anti-viral activity of PSE. Overall, our observations strongly suggest that PSE may affect various steps of influenza viral infectious cycle.

A previous phytochemical study shows that over 34 compounds have been isolated and identified from methanol extract of *Peperomia sui*, consisting of surinone, suranone, acylresorcinol, eugenol, phytol, peperomin, sitosterol, vanillic acid, sesamin, salidroside, betulinic acid, hinokinin, *etc.* ([@bib2]). In the current study, three flavonoid compounds, scutellarein, luteolin and apigenin, were identified in PSE. Scutellarein has been shown to be a strong inhibitor of the severe acute respiratory syndrome (SARS) virus helicase, and may serve as an important resource for the future development of anti-SARS medications ([@bib9]). Apigenin and luteolin are previously shown to inhibit influenza A virus neuraminidases ( [@bib13], [@bib6]), and they can effectively reduce neuraminidase activity of H5N1 virus ([@bib18]). In this study, the PSE-mediated inhibition of the growth of influenza virus H6N1 might also be due to anti-influenza viral effects from apigenin and luteolin. However, additional studies are necessary to identify the possible correlation between biological activities and chemical composition of PSE to ensure the appropriate medicinal use of this medicinal herb.

We conclude that the ethanolic extract of *Peperomia sui* has low toxicity and exhibits strong anti-influenza virus activity *in vitro*. This activity may be through the suppression of synthesis of viral protein and inhibition of viral neuraminidase activity. Our results provide evidence that constituents and extracts of *Peperomia sui* may be considered as an alternative agent for treatment of influenza virus infections. However, further study is required to evaluate whether PSE treatment also results in antiviral activity *in vivo*.
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